Energy deprivation poses a tremendous challenge to skeletal muscle. Glucose (ATP) depletion causes muscle fibers to undergo rapid adaptive changes toward the use of fatty acids (instead of glucose) as fuel. Physiological situations involving energy deprivation in skeletal muscle include exercise and fasting. A vast body of evidence is available on the signaling pathways that lead to structural/metabolic changes in muscle during exercise and endurance training. In contrast, only recently has a systematic, overall picture been obtained of the signaling processes (and their kinetics and sequential order) that lead to adaptations of the muscle to the fasting state. It has become clear that the reaction of the organism to food restraint or deprivation involves a rapid signaling process causing skeletal muscles, which generally use glucose as their predominant fuel, to switch to the use of fat as fuel. Efficient sensing of glucose depletion in skeletal muscle guarantees maintained activity in those tissues that rely entirely on glucose (such as the brain). To metabolize fatty acids, skeletal muscle needs to activate complex transcription, translation, and phosphorylation pathways. Only recently has it become clear that these pathways are interrelated and tightly regulated in a rapid, transient manner. Food deprivation may trigger these responses with a timing/intensity that differs among animal species and that may depend on their individual ability to induce structural/metabolic changes that serve to safeguard whole-body energy homeostasis in the longer term. The increased cellular AMP/ATP ratio induced by food deprivation, which results in activation of AMP-activated protein kinase (AMPK), initiates a rapid signaling process, resulting in the recruitment of factors mediating the structural/ metabolic shift in skeletal muscle toward this change in fuel usage. These factors include peroxisome proliferator-activated receptor (PPAR)␥ coactivator-1␣ (PGC-1␣), PPAR␦, and their target genes, which are involved in the formation of oxidative muscle fibers, mitochondrial biogenesis, oxidative phosphorylation, and fatty acid oxidation. Fatty acids, besides being the fuel for mitochondrial oxidation, have been identified as important signaling molecules regulating the transcription and/or activity of the genes or gene products involved in fatty acid metabolism during food deprivation. It is thus becoming increasingly clear that fatty acids determine the economy of their own usage. We discuss the order of events from the onset of food deprivation and their importance. Skeletal muscle is quantitatively the largest organ in the body, contributing 30 -40% of the resting metabolic rate in adults. It is a major site for the oxidation of fatty acids and glucose (it accounts for ϳ80% of insulin-stimulated glucose uptake), and it exhibits a remarkable flexibility in its usage of fuel in response to energy deprivation. One notable aspect of skeletal muscle plasticity is the specificity with which it adapts to a given stimulus with structural, biochemical, and functional modifications (1). This review deals with the timing of events in the signaling pathways involved in the response shown by skeletal muscle to food deprivation, taking into account data from other models of energy deprivation, transgenic models, and models involving hormonal/pharmacological stimuli, and it highlights the species differences found so far. Four major fiber types are recognized in skeletal muscle (2). Type I fibers are slow twitch, showing a high capacity to synthesize ATP and that possesses many mitochondria and uses fatty acids over glucose as fuel (1, 3). Type II A, IIX, and IIB fibers have increasing capacities to utilize glucose and are increasingly fast twitch with reduced mitochondrial content (2). Overall gene-expression analysis, including gene-array analysis, has revealed that the alterations occurring in skeletal mus-
Skeletal muscle is quantitatively the largest organ in the body, contributing 30 -40% of the resting metabolic rate in adults. It is a major site for the oxidation of fatty acids and glucose (it accounts for ϳ80% of insulin-stimulated glucose uptake), and it exhibits a remarkable flexibility in its usage of fuel in response to energy deprivation. One notable aspect of skeletal muscle plasticity is the specificity with which it adapts to a given stimulus with structural, biochemical, and functional modifications (1) . This review deals with the timing of events in the signaling pathways involved in the response shown by skeletal muscle to food deprivation, taking into account data from other models of energy deprivation, transgenic models, and models involving hormonal/pharmacological stimuli, and it highlights the species differences found so far. Four major fiber types are recognized in skeletal muscle (2) . Type I fibers are slow twitch, showing a high capacity to synthesize ATP and that possesses many mitochondria and uses fatty acids over glucose as fuel (1, 3) . Type II A, IIX, and IIB fibers have increasing capacities to utilize glucose and are increasingly fast twitch with reduced mitochondrial content (2) . Overall gene-expression analysis, including gene-array analysis, has revealed that the alterations occurring in skeletal mus-cle mRNA levels during energy deprivation are consistent with a suppression of anabolic pathways and an activation of catabolic pathways involving the uptake of glucose and fatty acid oxidation, events that together act to restore intracellular ATP levels (4 -7). The metabolic alterations that occur during food deprivation, leading to an increased flux of free fatty acids and changes in the AMP/ATP ratio, have evolved as major components of the phenotypic active stimuli in skeletal muscle, leading to fiber shifts. One factor considered to be central to ATP maintenance is AMP-activated protein kinase (AMPK; ref. 8) , which is activated in response to elevated intracellular AMP levels. Muscle ATP levels can be restored by the administration of 5Ј-amino-4-imidazolecarboxamide (AICAR), which upon monophosphorylation is converted to the AMP analog zeatin riboside-S-monophosphate (ZMP) (9) , resulting in activation of AMPK in skeletal muscle (10 -12) . This leads to a shift from type IIB fibers toward the more oxidative type IIX fibers (11) , without a shift toward type I fibers (11, 12) . Such a fiber shift toward the type I phenotype is, however, triggered effectively by food deprivation. Indeed, within 6 h, food deprivation results in dramatic increases in the AMP/ATP ratio and AMPK phosphorylation (13) and elicits an increase in myosin heavy chain Ib (MHCIb) expression (13) , reflected by an accumulation of type I fibers in the longer term (13) . In accordance with this, it has been reported that low-frequency stimulation of muscle provokes an up-regulation of MHCIb in the rat (14) , albeit less dramatic than that provoked by food deprivation, and exercise training has been shown to induce differentiation of muscle fibers toward a fatigue-resistant, oxidative phenotype (3) . Fiber-type switching involves signaling mediated by 1) the key transcription factors peroxisome proliferator-activated receptor (PPAR)␥ coactivator-1␣ (PGC-1␣) and PPAR␦, 2) the energysensing and fuel-providing role of AMPK, 3) nitric oxide (NO), and 4) mitochondrial fatty acid (FFA) oxidation. Here, possible connections among these pathways in the processes after food deprivation will be highlighted. It should be noted that this review mainly focuses on the temporal aspects of the actions of the various factors discussed.
FACTORS INVOLVED IN STRUCTURAL AND METABOLIC CHANGES IN SKELETAL MUSCLE UPON FOOD DEPRIVATION
PGC-1␣ is a signal-sensing coactivator, and in recent years, it has become clear that transcriptional coactivator proteins, apart from being crucial to the regulation of gene expression in response to cellular signals, can actually be the primary targets for hormonal control and signal-transduction pathways (for review, see ref. 15 ), also during low-energy states (see following section). These signal-controlled transcription factors include the PPAR␥ coactivator-1 (PGC-1) coactivators, which, through interaction with target transcription factors and other coactivators, induce powerful transcriptional activity (16 -19) . One example of such PGC-1 coactivators is PGC-1␣, which coactivates nuclear respiratory factors 1 and 2 (NRF-1 and NRF-2; ref. 20) and also nuclear hormone receptors, such as PPAR␣ (21) , PPAR␦ (22) , estrogen-related receptor ␣ (ERR␣) (23) (24) (25) (26) (27) , and thyroid hormone receptor ␤1 (TR␤1) (28) . All of these transcription factors, their regulation, and their cellular targets have been discussed in greater detail in recent reviews (19, 29 -32 ).
An important target tissue for PGC-1␣ is skeletal muscle (33) . As mentioned before, PGC-1␣ is a coactivator of PPAR␦ (22) , and indeed a physical interaction between PGC-1␣ and PPAR␦ has been demonstrated (by coimmunoprecipitation) in the nuclei of gastrocnemius muscles obtained from PPAR␦ transgenic mice (22) . Experiments with transgenic mice carrying either PGC-1␣ or PPAR␦ have revealed a surprising, clear role for both factors in inducing a muscle fiber-transition from glycolytic (type II) to oxidative (type I) (33, 34) . Experiments on mice overexpressing a VP-16-activated form of PPAR␦ have revealed that type I fiber formation can be directly stimulated without an induction of PGC-1␣ (34), but in physiological situations an upregulation of PGC-1␣ is likely to be involved in the early events leading to muscle-fiber shifts. Indeed, PGC-1␣-null mice show clear muscle dysfunction (35) . In accordance with this, food deprivation causes a rapid, transient up-regulation of PGC-1␣ mRNA and nuclear protein and concomitantly induces a sharp increase in MHCIb mRNA and protein levels, indicative of the formation of type I fibers (13) . In fact, in the long term, this results in an accumulation of type I fibers in gastrocnemius muscle (13) . A positive correlation between PGC-1␣ and MHCIb expressions has also been made in the soleus muscle of rats stimulated with growth hormone (36) . Rapid up-regulation of PGC-1␣ in states of low energy has been shown to be achieved by various pathways involving AMPK (11, (37) (38) (39) and NO (40) . Both pathways, and their possible interrelationship during food deprivation, will be discussed later in this review. An overview of the pathways leading to transcriptional changes during food deprivation is given in Fig. 1 .
With respect to PPAR␦ and its targets, the high expression of PPAR␦ in skeletal muscle (at 10-and 50-fold higher levels than PPAR␣ and PPAR␥, respectively; see refs. 6 and 41), and its preferential expression in oxidative rather than glycolytic myofibers (34) , have led to the suggestion that this receptor may be involved in promoting the utilization of fatty acid as fuel. As mentioned above, studies on transgenic mice harboring a constitutively activated form of PPAR ␦ (VP16-PPAR␦) have clearly shown that this receptor plays a central role in the control of skeletal muscle lipid metabolism as well as in promoting the formation of type I, oxidative slow-twitch fibers (34) . A wild-type PPAR␦ transgene (specifically overexpressed in skeletal muscle but not constitutively activated) has been shown to promote a net increase of fibers with an oxidative metabolic capability through an increment of total fiber number in soleus and tibialis anterior muscle, while in plantaris muscle the increase was more related to a shift from glycolytic to more oxidative fibers. Interestingly, the nonactivated PPAR␦ transgene failed to induce the formation of type I slow in skeletal muscle (42) . In the latter case, despite its high expression, the actual activation of the transgene depends on the presence of natural ligands, such as fatty acids. These are present at fluctuating concentrations and may thus tightly regulate PPAR␦ activity. These data raised a question as to whether, instead of overexpression, increasing the availability of ligand (natural or artificial) would induce fuel as well as fiber switching toward type I fibers. Recently, a fuel-switching role of PPAR␦ has been demonstrated by incubating rat isolated skeletal muscle with the agonist GW50156 for 24 h. This led to an increased use of fatty acids over glucose, as reflected by increased fatty acid oxidation and reductions in glucose oxidation, glycogen synthesis, lactate release, and glucose transport. Interestingly, this switch was independent of insulin stimulation or fiber type (43) . In addition, prolonged treatment of mice with the same agonist not only increased the expression of genes involved in fatty acid oxidation, mitochondrial respiration, and oxidative metabolism (34, 44) but also induced formation of type I fibers (34) .
Since situations of food shortage imply an increased use of fatty acids, it was anticipated that PPAR␦ would be up-regulated and activated during fasting. However, the initial reports appearing in the literature initially did not seem to confirm this. Thus, a 24 h fasting period did not up-regulate PPAR␦ in rat skeletal muscle (41) , and our group even reported reduced levels of PPAR␦ (and PPA␣) in gastrocnemius muscle from 48 h fasted rats (6) . Decreased expression of PPAR␦ and PPAR␣ upon 48 h of fasting was recently reported in humans also (45) . In contrast, in the 24 h fasted mouse, skeletal muscle PPAR␦ levels were found to be upregulated (46) . These data indicate that single time point measurements may be misleading, due to possible transient modifications. In fact, time-course studies have shown that PPAR␦ is indeed up-regulated in fasted rat skeletal muscle but within the first 6 h (13). In addition, it has been observed that, like the up-regulation of PGC-1␣, the up-regulation of PPAR␦ during fasting is transient (13) . Rapid nuclear accumulation of both PGC-1␣ and PPAR␦ upon food deprivation (13) and their physical interaction in the nucleus (22) are concomitant with increased fatty acid levels and increased expression of MHC Ib, which underlines the role of PPAR␦ as a key regulator of fatty acid metabolism and muscle-fiber switching (in concert with its coactivator PGC-1␣). Consequently, within 12 h of food deprivation, the PPAR-regulated genes mitochondrial thioesterase I (MTE I) (47) and carnitine palmitoyl transferase 1(CPT1), as well as uncoupling protein 3 (UCP3) (34, 44) , were up-regulated simultaneously and so was the rate of mitochondrial fatty acid oxidation (13) .
The reported kinetics of PPAR␦ up-regulation during the recovery period after exercise-imposed energy stress in humans are in line with those seen in the fasting rat: it has been shown that in humans, a single exhaustive bout of cycling increases PPAR␦ mRNA and protein expression within 3 h after completion of the exercise (48, 49) . This indicates that in general challenges involving immediate energy deprivation in skeletal muscle elicit rapid signaling through PPAR␦, thereby increasing oxidative capacity.
MAINTENANCE OF SKELETAL MUSCLE ATP AND FUEL DURING FOOD DEPRIVATION
AMPK is an energy-sensing fuel provider. The need for an adequate response to metabolic stresses, such as fasting or exercise, was probably the evolutionary origin of a role for AMPK in single-celled eukaryotes (8) , and therefore this kinase is generally termed the "fuel provider" of the cell. Activation of AMPK through AMP is brought about as follows: muscle cells, like all eukaryotic cells, express the enzyme adenylate kinase, which catalyzes the reaction 2ADP 7 ATP ϩAMP and maintains it close to equilibrium at all times. In conditions involving ATP depletion (such as fasting), adenylate kinase activity increases so as to counteract the drop in ATP levels, which results in a rise in AMP levels. Thus, the AMP:ATP ratio is indicative of a compromised energy status (8) . It has been demonstrated, both in cultured cells (50) and in skeletal muscle in vivo (51) , that the upstream kinase that activates AMPK in response either to AMP-elevating treatments or to AMPmimetic agents is LKB1. The LKB complex itself is not regulated by AMP and appears to be constitutively active (52, 53) , with activation of the cascade being induced by the binding of AMP to AMPK, causing it to become a better substrate for LKB1 (50) . AMPK is known to be a heterotrimeric complex comprising a catalytic ␣ subunit and regulatory ␤ and ␥ subunits. Each subunit is encoded by multiple genes (␣1, ␣2, ␤1, ␤2, ␥1, ␥2, and ␥3) yielding at least 12 heterotrimeric combinations, with splice variants further adding to the diversity. The ␣1 and ␣2 subunits are both phosphorylated and activated by LKB at position Thr-172 (50 -52) . The ␣1 subunit is expressed in the oxidative/glycolytic type IIA and oxidative type I fibers, whereas the ␣2 subunit is expressed in all fiber types (54) . An obvious question that arises is whether both isoforms represent a redundancy or have specific activities.
In line with its central role, once activated, AMPK regulates PGC1-␣ expression in skeletal muscle, thereby boosting oxidative metabolism (11, (37) (38) (39) . Indeed, physiological activation of AMPK, by food deprivation or exercise, is tightly linked to changes in the mRNA and protein expressions of PGC-1␣ and related genes. Recently, food deprivation has actually been shown to induce phosphorylation of AMPK and PGC-1␣ expression in skeletal muscle, with rapid kinetics (13) . Indeed, after a short fasting stimulus (6 h), skeletal muscle AMP levels rose and AMPK phosphorylation was increased, concomitant with an increase in PGC-1␣ expression (13) . Interestingly, the reported kinetics of AMPK activation during fasting are similar to those found during exercise: thus, 6 h of low-intensity swimming in rats resulted in increases in AMPK activation and PGC-1␣ mRNA expression (38) , and 30 min after the completion of a volontary treadmill run, AMPK activity increased in rat skeletal muscle (55) . A role has been demonstrated for AMPK in the fastinginduced up-regulation of the coordinated expression of genes controlling glucose and lipid metabolism in mice, since in AMPK ␥ subunit-knockout mice starved for 16 h this up-regulation was abolished (56) . In knockout mice lacking the ␣2-, but not the ␣1-AMPK subunit, AMPK activation was markedly diminished during running. Nevertheless, exercise-induced activation of the investigated genes in mouse skeletal muscle was not impaired in ␣1-or ␣2-AMPK knockout muscles (57) . Although the authors of that paper felt the evidence did not favor an active role of AMPK in exercise-induced gene expression, in line with the question asked previously, a plausible hypothesis is that activation of the remaining ␣-subunit is sufficient to increase gene activation during exercise.
AMPK exerts its fuel-providing role by being activated in response to decreased fuel availability (glucose or fatty acids), and the fuel itself has been shown to play a critical role in the regulation of AMPK activity. Ex vivo incubation of the rat extensor digitorum longus muscle with high or low doses of glucose has revealed that AMPK activity was diminished at a raised glucose concentration (and vice versa), a result demonstrating the involvement of AMPK in the autoregulation of glucose uptake (58) . Furthermore, recent data demonstrated that experimental inhibition of oxidative phosphorylation by treatment with azide in Clone 9 rat liver cells (expressing GLUT 1), which leads to depletion of ATP levels and an increased demand for glucose uptake, correlate with an increased AMPK phosphorylation. Glucose uptake was shown to depend fully on AMPK-␣1 in these experiments since inactivation of this subunit (through RNA interference) abolished glucose uptake in these conditions (59) . Clearly, AMPK activity needs to be tightly regulated to prevent excessive fuel usage, especially under circumstances of energy deprivation. In addition, in this case, the fuel itself plays a regulatory role. By performing time-course studies in food-deprived rats, we have recently demonstrated that the increased serum levels of FFA triggered by fasting exert a negative influence over AMPK phosphorylation in rat skeletal muscle (see Fig. 1 ; the results are schematically represented in Fig. 2) . Shortly after the rapid, initial increase in AMPK phosphorylation, it was rapidly dephosphorylated once serum and intramuscular FFA levels began to rise (after ϳ12 h). In addition, in vivo nicotinic acid treatment, causing a rapid drop in serum FFA levels, led to rephosphorylation of AMPK. Throughout, skeletal muscle AMPK total protein levels did not change (13) . Additional proof that AMPK activity is regulated through feedback pathways associated with increased lipid metabolism has come from experiments on PGC-1␣-deprived mice, which exhibit reduced fatty acid oxidation, with their livers developing steatosis on fasting (35) . In such mice, AMPK is constitutively activated in skeletal muscle, indicating an energy (fuel) deficit (60) . Given the link between AMPK activity and PGC-1␣ expression, the transient nature of the AMPK phosphorylation observed during fasting in gastrocnemius muscle of the food-deprived rat may explain the transient induction pattern of PGC1-␣ (with consequential transient coactivation of PPAR␦) and of the genes involved in lipid metabolism (13) .
In analogy to their role in the modulation of AMPK activity during fasting, there is accumulating evidence for a role for FFA in the inactivation of AMPK in obesity and obesity-related type 2 diabetes. Intriguingly, young insulin-resistant and obese Zucker diabetic fatty rats have been found to show defects in skeletal muscle AMPK phosphorylation and in PGC-1␣ protein expression levels, with endurance exercise on a treadmill partially correcting these abnormalities (61) . Another recent study (62) supports this idea, as rats fed a high-fat diet for 5 months had reduced skeletal muscle AMPK activity and reduced AMPK-␣ mRNA and protein expression levels, whereas pharmacological activation of AMPK by treatment with metformin increased both AMPK activity and AMPK-␣ mRNA and protein.
The above-mentioned studies on rats have demonstrated a link between lipid accumulation and impaired AMPK activity in skeletal muscle, whereas initially human studies (63, 64) have not provided evidence of any similar associations. However, very recently, timecourse experiments with human subjects have revealed that exercise has a time-and intensity-dependent increasing effect on AMPK activity in muscle of lean human subjects, but obese and type 2 diabetic subjects have attenuated exercise-stimulated AMPK activity, and the authors (65) suggest that obese type 2 diabetic subjects need to exercise at higher intensity to stimulate AMPK phosphorylation. Since type 2 diabetes mellitus is strongly correlated with obesity and with a sedentary lifestyle, a weak activation of AMPK in the periphery, due to over-eating and/or lack of exercise, may be a contributory factor in its onset.
There are species differences in the adaptive response of skeletal muscle to food deprivation. The data described above clearly show, in the rat, an active adaptive response to food deprivation through a regulation of skeletal muscle AMPK activity by fatty acidmediated signaling. Surprisingly, no such relation between food deprivation and skeletal muscle AMPK phosphorylation has been found in mice (66) . However, since in that study AMPK phosphorylation was measured only at a single time point (24 h after food deprivation), the transient stimulation of AMPK phosphorylation may have been missed. In favor of this assumption, a functional role for AMPK in triggering lipid metabolism during fasting has been demonstrated in mice, since AMPK ␥3 subunit knockout mice starved for 16 h failed to up-regulate genes controlling glucose and lipid metabolism (lipoprotein lipase, fatty acid translocase, carnitine palmitoyl transferase 1b, and citrate synthase; ref. 56 ). Further, DNA microarray studies performed on skeletal muscle obtained from 24 and 48 h fasted mice (7) and 48 h fasted rats (6) have clearly shown that structural/metabolic adaptations to fasting at the transcriptional level are more pronounced in the rat than in the mouse. An increase in myosin heavy chain I gene expression, leading to type I fiber formation (a process that is PGC1-␣/PPAR␦ mediated) (33, 34) is not observed in fasted-mouse skeletal muscle, and the increases seen in rat skeletal muscle in the very long, long, and medium Acyl CoA dehydrogenases (VLCAD, LCAD, and MCAD) (6), all of them PPAR␦ targets (31), are not seen in gastrocnemius muscle from mice deprived of food for 24 or 48 h (7). At these time points, transcriptional changes in the fasted mouse muscle focus on suppressing glucose oxidation/protein degradation as well as reduced energy uncoupling and include atrophy-specific changes in gene expression (7) . In the fasted rat, the mRNA levels of several genes involved in lipid metabolism that were initially up-regulated are already down-regulated after 48 h (6), and it may be that this is also true for mouse mRNA levels at the same time-points. Indeed, the work cited above by Long et al. (56) showed that in mice starved for 16 h, genes controlling lipid metabolism are up-regulated. A more complete time-course study of food deprivation in the mouse has proven to be more informative. In starved mice, the mRNA for a member of the FOXO family, forkhead homologue in rhabdomyosarcoma (FKHR), was up-regulated rapidly and transiently (starting within 6 h, peaking at 12 h, and decreasing at 24 h), before the up-regulation of FKHR protein levels (and relatively low phosphorylation at position Ser-256), with a consequent up-regulation of its target gene pyruvate dehydrogenase kinase 4 (PDK4) (67) . This kinase plays an important role in the switching from glucose to fat usage during starvation since it phosphorylates the E1 component of the pyruvate dehydrogenase (PDH) complex, thereby downregulating carbohydrate (CH) oxidation (68) . Similarly, single (or dual) time point studies have not yielded clear conclusions on the adaptive changes in human skeletal muscle with respect to the fastinginduced increase in lipid metabolism. Upon 24 or 48 h of fasting in 10 healthy human male subjects, despite the elevated plasma FFA levels, no altered expressions were seen for transcription factors, MHC genes, or genes involved in fat metabolism (45) . Interestingly, in analogy to what has been reported in the mouse (67), PDK4 mRNA and protein levels were elevated at both 24 and 48 h; however, at these time points, neither the FOXO1 mRNA/protein levels nor FOXO1 phosphorylation at Ser-256 showed any change (45) . Nevertheless, it remains a possibility that regulation of the level of the mRNA/protein of FOXO1 (a PGC-1␣ target) (19) are transient events that precede up-regulation of PDK4 mRNA and protein and that they may therefore have been missed by measuring only at 24 and 48 h of starvation in humans. At the 48 h time point, PPAR␦ mRNA levels in the human vastus lateralis muscle were decreased (45) , which is in line with the decrease in the levels of PPAR ␦ mRNA (6) and nuclear protein (13) at this time point in rat gastrocnemius muscle. In the rat, this decline was preceded by a rapid rise in the mRNA and protein levels of this transcription factor at 6 and 12 h of food deprivation (13) , but these time points were not investigated in the human study. Alternate day fasting in humans (for 3 wk) did not result in evidence of alterations in skeletal muscle gene expression in human vastus lateralis muscle (69) .
To clarify the apparent discrepancies among species, additional research, including more comprehensive time-course studies, needs to be carried out. With regard to the timing of the changes in the expression/ phosphorylation of some important factors involved in the primary adaptative response of skeletal muscle to fasting, a comparison among mice, rats, and humans is given in Fig. 3 .
NO has a role as a signaling molecule during food deprivation. NO is a free radical produced from larginine by various isoforms of NO synthase (NOS) in virtually all cell-types. At pathological levels NO acts as an oxidant causing the damaging effects typical for free radicals. At physiological levels, however, NO acts as a signaling molecule to stimulate glucose uptake as well as the oxidation of glucose and fatty acids in skeletal muscle, heart, liver, and adipose tissue (see, for review, ref. 40) . Recently, overexpression of endothelial NOS (eNOS) has been shown to affect the expression levels of PGC-1␣. Thus, NO produced by eNOS activates guanylate cyclase to increase the amount of cyclic GMP (cGMP) present, transmitting a signal to the nucleus that causes the induction of PGC-1␣-gene transcription (70) . The same group (71) showed that life spanincreasing caloric restriction in mice (for either 3 or 12 months) induced eNOS expression in various tissues, including the heart. The induced eNOS correlated with the increased PGC-1␣ expression and with mitochondrial biogenesis, increased oxygen consumption, and ATP production, and also with an enhanced expression of the yeast silent information regulator 2 (Sir2) homologue SIRT1 (71) . Sir2-related enzymes, generally termed sirtuins, are a recently discovered class of NAD(ϩ)-dependent protein deacetylases that regulate gene expression in a variety of organisms by deacetylation of modified lysine residues on histones, transcription factors, and other proteins, and are identified as important regulators of organism life span (for review, see ref. 72 ). Very recently, it has been shown that SIRT1 deacetylates PGC-1␣ under low glucose conditions in skeletal muscle cells (with concomitant elevation of NADϩ levels), inducing a metabolic gene transcription program of mitochondrial fatty acid oxidation (73) , although the authors did not address the involvement of NO-mediated signaling in this process. Interestingly, a natural polyphenolic compound found in the skin of grapes known to increase life span, resveratrol, has been shown to improve mitochondrial function by inducing SIRT1/PGC-1␣ signaling as well as a shift toward more oxidative fiber types (without a complete shift toward type I fibers) (74) . Again, the role of NO in the effect of resveratrol has not been investigated. Intriguingly, mitochondria can induce their own synthesis: a mitochondrial SIRT isoform, SIRT3, has been shown to promote mitochondrial biogenesis through increased PGC-1␣ expression in the brown adipose tissue of calorie-restricted mice (through a currently unknown mechanism) (75) . Whether (and when) NO operates through SIRT signaling to induce lipid metabolism in skeletal muscle during fasting is still an open question. Up-regulation of SIRT 1 expression, without changes in the expression of genes involved in fatty acid transport/oxidation or mitochondrial biogenesis, has been demonstrated in long-term fasted human skeletal muscle (69) . In a recent study, NO metabolites were measured in the plasma of rats submitted to food deprivation for 3 days, the results suggesting that fasting leads to an increased plasma NO level, probably by activation of NOS (76) . However, the kinetics of this process during fasting remains unknown.
AMPK-and NO-mediated signaling are two intertwining pathways. AMPK plays a stimulatory role in NO production. Moreover, AMPK phosphorylates the predominant NOS isoform, nNOS, in human skeletal muscle during exercise (77), indicating a role for NO in AMPK-mediated signaling during exercise-induced energy deprivation. Indeed, blocking NOS activity in human isolated skeletal muscle diminishes AICARstimulated glucose uptake (77) , although experiments on isolated rat epitrochlearis muscle subjected to contractions did not show reduced AICAR-induced glucose uptake upon NOS inhibition [induced by administration of nitro-l-arginine methyl ester (l-NAME)], suggesting pathways other than AMPK-NOS may be involved in contraction-induced glucose uptake (78) . Not only can AMPK regulate NO synthesis, but NO can modulate AMPK activity. It has recently been shown that a product of the spontaneous reaction of NO with superoxide anion (O 2 Ϫ ), namely peroxynitrite (ONOO Ϫ ), activates AMPK through a c-Src-mediated and phosphatidylinositol 3-kinase (PI3K)-dependent pathway in various tissues, including mouse heart, without a change in the AMP/ATP ratio (79) . Importantly, it has been shown in vivo that NO increases AMPK-induced glucose uptake but not long chain fatty acid (LCFA) uptake in rat skeletal muscle, with the LCFA uptake increasing in type I fibers (80) . This shows that the mechanisms by which AMPK stimulates glucose and LCFA uptake are distinct from each other and moreover that these data would imply that NO is a less important factor in the regulation of energy homeostasis during fasting. Taking all these data into account, it is clear that the role performed by NO in the process elicited by AMPK during fasting needs further investigation.
SKELETAL MUSCLE MITOCHONDRIA AND FOOD DEPRIVATION
The increased mitochondrial biogenesis and increased FFA oxidation seen during food deprivation are induced by AMPK. Since type I fibers are slow twitch, with a high capacity for the synthesis of ATP and many mitochondria that actively oxidize fatty acids, it is perhaps not surprising that the above-mentioned AMPK-induced factors involved in the switching of muscle fibers toward an oxidative phenotype also stimulate mitochondrial biogenesis. It is well known that PGC-1␣ is a master regulator of mitochondrial biogenesis (19) , and moreover PPAR␦ has been shown to induce the expression of genes involved in this process (31; for a detailed review on mitochondrial biogenesis induced by these factors, see ref. 32 ). In food-deprived skeletal muscle, mitochondrial fatty acid-oxidizing activity increases (13) . Acetyl-CoA, a common intermediate of glucose, fatty acid, and amino acid oxidation, either enters the Krebs cycle for complete oxidation or is utilized for lipogenesis in skeletal and cardiac muscles, depending on the intracellular energy status and activity level of acetyl-CoA carboxylase (ACC) (81) . In skeletal and cardiac muscles, as in the liver, malonyl CoA, a product of the ACC reaction, is an allosteric inhibitor of carnitine palmitoyl transferase 1 (CPT 1), the enzyme that transfers the long-chain fatty acyl-CoA into mitochondria for ␤ oxidation (82) . Reduced levels of malonyl-CoA favor LCFA oxidation (82, 83) . This process has long been known to occur during fasting, but only recently has it been shown that during food deprivation AMPK phosphorylates and inactivates ACC at position Ser-79, reducing malonyl CoA levels and increasing mitochondrial LCFA oxidation in skeletal muscle (13; see Fig. 1 in the present review). Another level of regulation of fatty acid utilization by AMPK, other than by the AMPK-ACC-CPT pathway, involves the uptake of LCFA through the sarcolemma. Indeed, during fasting the greater supply of LCFA for musclecell oxidation seems to be mediated by membrane enrichment with fatty acid translocase/CD36m (FAT/ CD36). FAT/CD36 mRNA is up-regulated during 24 h starvation, while refeeding promotes down-regulation of its gene (46) . Moreover, acute regulation of LCFA uptake by muscle cells involves cellular redistribution from an intracellular compartment to the surface of the sarcolemma (84, 85) , a process that is regulated by AMPK and induced by AICAR in cardiomyocytes (85) . The combined induction of FAT/CD36 mobilization and CPT-1 activity though AMPK activation is a metabolically efficient process allowing the extra incoming fatty acid to be preferentially channeled toward mitochondrial beta-oxidation. The FAT/CD36 protein is also located within the inner mitochondrial membrane (86) and is postulated to receive the lipid-binding protein (LPB) bound LCFAs from the cytosol to hand them off to the long chain acyl CoA synthetase (ACS) that activates them (86) , being subsequently transported into the matrix by the CPT system that is activated by AMPK.
There is increased UCP3 expression during fasting that relates to the role of AMPK. In conditions of altered metabolism, such as fasting, the UCP predominantly expressed in skeletal muscle, UCP3, may play a role in mitochondrial lipid handling. Indeed, the effects of physiological interventions consistently support a role for UCP3 either in promoting fatty acid oxidation (87, 88) or in the translocation of peroxidised fatty acids (89) . During fasting, the expression of uncoupling protein 3 is increased through several pathways, which may possibly interact. These include: PPAR ␦ signaling (31), the AMPK pathway (10 -12) , and MyoD, an essential factor for skeletal muscle UCP3 transcription (90) , operating in functional association with PPAR signaling (91) and activated by muscle LIM (Lin-11, Isl-1, Mec-3, representing the genes in which the motif was originally discovered) protein (92) . This protein contains the LIM domain, an evolutionary conserved double-zinc finger motif found in a variety of proteins exhibiting diverse biological roles. LIM domains have been observed to act as modular proteinbinding interfaces mediating protein-protein interactions in the cytoplasm and the nucleus. Several LIM domain-containing proteins associated with the actin cytoskeleton have been identified, playing a role in signal transduction and organization of the actin filaments during various cellular processes (see, for review, ref. 93 ). The expression of muscle LIM protein is increased dramatically during fasting (6) . Numerous reports have proposed an interplay between UCP3 and AMPK, with AMPK activity being a trigger for UCP3 expression (10 -12) or vice versa (94) . Recently, we presented evidence that in the gastrocnemius muscle of food-deprived rats, increased AMPK activity is unlikely to be the consequence of an increased expression of UCP3, since AMPK phosphorylation preceded the increase in UCP3 expression (13) . Indeed, our results imply that the increases in mRNA levels and mitochondrial protein levels of UCP3 are events downstream of AMPK phosphorylation. These data led us to conclude that UCP3 is not responsible for the increased phosphorylation of AMPK but rather that fluctuating levels of fatty acids are most likely involved in AMPK activation/deactivation in skeletal muscle. A visual overview of AMPK signaling related to increased mitochondrial biogenesis through SIRT/PGC-1␣, increased UCP3 expression, decreased carbohydrate oxidation, and increased fatty acid transport/oxidation in food-deprived skeletal muscle is given in Fig. 4 .
CONCLUSIONS AND FUTURE PROSPECTS
Recent observations have revealed that food deprivation, like exercise (for a recent review, see ref. 95) , represents a physiological situation in which the fuelproviding and regulatory role of AMPK in skeletal muscle is prominent (see Figs. 1 and 4 , and for a schematic overview, Fig. 5 ). Food deprivation and exercise share the same kinetics of activation of the signaling pathways triggering structural/metabolic adaptations toward lipid metabolism in skeletal muscle. AMPK activation leads to increased FFA levels and an increased mitochondrial uptake of FFA over glucose as the fuel substrate. This process seems to be NO independent but AMP dependent. In turn, the increased intracellular FFA levels, through an inhibition of AMPK phosphorylation, guarantee the sparing of glucose for use by the brain (for a temporal scheme of the events, see Fig. 2 ). Randle et al. (96) first used the term "glucose-fatty acid cycle" to describe the reciprocal inhibition of glucose metabolism by high-level fatty acid utilization in the heart. Besides inactivation of the pyruvate dehydrogenase complex during fasting, inhibition of glucose uptake is also achieved by inhibiting AMPK phosphorylation. An intriguing, but still open, question is how do fatty acids (or, eventually, their metabolic products) bring about inhibition of AMPK phosphorylation in this condition? It is well known that increases in fatty acids mediate inhibition of insulin signaling in skeletal muscle through phosphorylation of nPKC via increased levels of diacylglycerol (97) , which in turn stimulates serine phosphorylation and inhibits tyrosine phosphorylation and activation of insulin receptor substrates (IRS) (97) . It is conceivable that fatty acids act through a yet unidentified protein kinase to counteract the effect of LKB1 or other upstream activators of AMPK.
There are many indications that mice and rats differ in their responses to food deprivation. It seems increasingly clear that rats have developed a much more versatile strategy to enable them to survive the stress of food deprivation, essentially through a remodeling of their muscle mass toward fatty acid metabolism. Further, given the rapid kinetics of fasting-induced AMPKmediated signaling, studies on mice and humans that involve only single time point measurements may not be conclusive due to the lack of time course data. However, such data are especially difficult to obtain in human subjects.
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